Fibroblast-specific protein 1 (FSP1)-expressing cells accumulate in damaged kidneys, but whether urinary FSP1 could serve as a biomarker of active renal injury is unknown. We measured urinary FSP1 in 147 patients with various types of glomerular disease using ELISA. Patients with crescentic GN, with or without antinuclear cytoplasmic antibody-associated GN, exhibited elevated levels of urinary FSP1. This assay had a sensitivity of 91.7% and a specificity of 90.2% for crescentic GN in this sample of patients. Moreover, we found that urinary FSP1 became undetectable after successful treatment, suggesting the possible use of FSP1 levels to monitor disease activity over time. Urinary FSP1 levels correlated positively with the number of FSP1-positive glomerular cells, predominantly podocytes and cellular crescents, the likely source of urinary FSP1. Even in patients without crescent formation, patients with high levels of urinary FSP1 had large numbers of FSP1-positive podocytes. Taken together, these data suggest the potential use of urinary FSP1 to screen for active and ongoing glomerular damage, such as the formation of cellular crescents.
Crescentic GN is a particularly aggressive type of kidney disease in which glomerular injury causes rapidly progressive GN. 1, 2 Strong immunosuppressive therapy should be administered as early as possible in order to prevent irreversible kidney scarring. 3 The widespread use of assays for antinuclear cytoplasmic antibody (ANCA) has facilitated the clinical diagnosis of pauci-immune crescentic GN. 4, 5 However, there have been few studies of biomarkers that could potentially serve to identify all forms of crescentic GN.
Fibroblast-specific protein 1 (FSP1) is one of the S100 calcium-binding proteins, a family of secreted and cytosolic proteins involved in a variety of biologic processes. [6] [7] [8] A large number of FSP1-expressing cells (FSP1 + cells) accumulate in kidneys showing active renal damage. [9] [10] [11] In this study, we hypothesize that FSP1 secreted from FSP1
+ cells in the kidney should be detectable in urine samples. To test that idea and to clarify the significance of urinary FSP1 as a biomarker of active glomerular damage, we established two monoclonal antibodies for human FSP1 and developed a method for measuring urinary FSP1 levels using a sandwich-type ELISA. We then used that assay to assess urinary FSP1 excretion in cases of human GN.
Urinary FSP1 levels were measured in 147 patients with various types of glomerular disease ( Figure 1A ). In patients with ANCA-associated GN, urinary FSP1 levels were significantly higher (median, 3 ; P,0.0001). Urinary FSP1 was not detectable in any of the healthy volunteers. In 56 patients with IgA nephropathy, the percentages of glomeruli showing cellular crescents, fibrocellular crescents, global sclerosis, and segmental sclerosis correlated positively with urinary FSP1 levels (Supplemental Table 1 ). A high level of urinary FSP1 (5.21 mg/g of creatinine) was also observed in one patient with FSGS showing a cellular variant.
Urinary FSP1 levels did not differ between patients with primarily cellular crescents or fibrocellular crescents, but urinary FSP1 was undetectable in five patients with fibrous crescents (Supplemental Figure 1 ). In five patients with IgA nephropathy and three patients with lupus nephritis, cellular or fibrocellular crescents were identified in more than 20% of glomeruli (20% crescent formation). Given that urinary FSP1 levels were markedly elevated in these eight patients (5.93 mg/g of creatinine [3.45, 9 .34 mg/g of creatinine), we divided the 147 study participants into two groups (with or without 20% crescent formation) and compared urinary FSP1 between these two groups. We found that urinary FSP1 levels were significantly higher in patients with 20% crescent formation than in those without it (4.48 mg/g of creatinine [2.91, 8 .03 mg/g of creatinine] versus 0 mg/g of creatinine [0, 0.72 mg/g of creatinine]; P, 0.0001) ( Figure 1B) .
To assess the diagnostic value of urinary FSP1 as a novel marker for crescent formation, we used receiver-operating characteristic curve analysis to determine a cut-off level for urinary FSP1 (Supplemental Figure 2) and made a 232 table. At FSP1 levels greater than 1.75 mg/g of creatinine, the assay had 90.2% specificity and 91.7% sensitivity for diagnosis in patients with 20% crescent formation. The positive and negative predictive values were 64.7% and 98.2%, respectively. We can also specifically select patients with 15% crescent formation by changing the FSP1 cut-off levels to greater than 5.0 mg/g of creatinine because both the specificity and the positive predictive value increased (to 98.3% and 86.7%, respectively), although the sensitivity decreased (to 43.3%).
The proteinuria level is a classic and valuable prognostic marker of CKD. However, proteinuria is not helpful for determining whether glomerular damage is ongoing. There have been a few studies of potential biomarkers for crescentic GN. Kanno and colleagues 12 showed that levels of urinary sediment podocalyxin are elevated in children with cellular crescents. Levels of urinary macrophage migration inhibitory factor and matrix metalloproteinase activity are reportedly higher in patients with crescentic GN and ANCA-associated GN than in healthy controls, 13, 14 but the levels are not significantly higher than in patients with other glomerular diseases. By contrast, urinary FSP1 levels strongly correlated with the percentage of glomeruli showing cellular or fibrocellular crescent formation in patients with crescent formation, irrespective of the specific glomerular disease (Supplemental Figure 3) . In addition, we confirmed a superiority of urinary FSP1 over other existing screening tests (C-reactive protein and serum creatinine) in diagnosing ANCA-negative crescentic GN (Supplemental Figure 4) . These results suggest that urinary FSP1 may be useful for the diagnosis and management of all forms of crescentic GN.
We measured urinary FSP1 after therapy in six patients treated for ANCAassociated GN, three treated for lupus nephritis, and three treated for IgA nephropathy. All 12 patients had shown high levels of urinary FSP1 (FSP1 . 3.50 mg/g of creatinine) before therapy. However, urinary FSP1 was undetectable in 11 of those patients after successful treatment, which was judged according to the reduction of urinary protein levels and improvement of renal function. The 12th patient had lupus nephritis and continued to show proteinuria in the nephrotic range, a high titer of antidouble-stranded DNA, and severe hypocomplementemia. Moreover, urinary FSP1 levels continued to be high in this patient. This result suggests that FSP1 levels can be used as a follow-up marker.
We next measured FSP1 levels in serum samples obtained from 88 patients (14 patients with ANCA-associated GN, 38 with IgA nephropathy, 19 with minimal-change nephrotic syndrome, and 17 with membranous nephropathy) on the same day that urine samples were collected. We found that serum FSP1 levels were not elevated in the patients with ANCA-associated GN (Supplemental Figure 5 ), and there was no correlation between serum and urinary FSP1 levels (data not shown).
To investigate the origin of the urinary FSP1, we carried out an immunohistochemical analysis using an anti-FSP1 antibody. Figure 2A shows the three typical staining patterns. FSP1 + cells accumulated in cellular crescents in patients with ANCA-associated GN. FSP1 + podocytes were observed in patients with IgA nephropathy. By contrast, FSP1
+ cell numbers in glomeruli were significantly lower in patients with minimal-change nephrotic syndrome (Figure 2, A and B) . Moreover, as shown in Figure 2 , C-E, dual immunofluorescence confirmed the presence of FSP1 + podocytes in patients whose urinary FSP1 was higher than 1.75 mg/g of creatinine, irrespective of crescent formation. Indeed, FSP1
+ cell numbers and glomerular profile strongly correlated with urinary FSP1 levels (Figure 3) . Taken together, these data suggest that FSP1
+ glomerular cells are the main source of urinary FSP1. In patients with no crescent formation, urinary FSP1 levels were significantly higher in those with more than six FSP1 + podocytes than in those with fewer (Supplemental Figure 6 ). This finding suggests that both FSP1 + podocytes and crescent-forming cells may contribute to urinary FSP1.
Identifying the origin of urinary FSP1 is difficult because elevated urinary FSP1 excretion could reflect enhanced intrarenal production, increased filtration, abnormal tubular reabsorption, or secretion from urinary cells that have detached from the renal structure. Serum FSP1 levels were not elevated in patients with crescent formation and did not correlate with urinary FSP1. Thus, urinary FSP1 excretion does not reflect increased systemic inflammation. Potential sites of 
FSP1. It was recently reported that FSP1
is secreted as a microparticle-like structure 15 and that podocytes are able to secrete proteins as microparticles through cellular shedding. 16 We further suggest that FSP1 secreted through microparticle shedding is not reabsorbed by tubular epithelial cells and is detected in urine samples. In addition, we previously demonstrated that more than 80% of detached podocytes express FSP1 in diabetic nephropathy, which suggests that some urinary FSP1 may be derived from detached podocytes or crescent cells. Because FSP1 was also produced by interstitial fibroblasts, the extent of renal fibrosis may have some effect on urinary FSP1 excretion. Urinary FSP1 levels weakly but significantly correlated with the extent of renal fibrosis evaluated according to the collagen type 1-positive area (Supplemental Figure 7) . However, after adjustment for the number of FSP1 + cells in the glomeruli, there was no association between the extent of renal fibrosis and urinary FSP1 levels. Urinary FSP1 levels were significantly elevated in patients with high numbers of FSP1 + podocytes, as well as in patients with 20% crescent formation. This finding suggests that the elevated urinary FSP1 levels are due in part to podocytes undergoing epithelial-mesenchymal transition and detaching from the glomerular basement membrane. [17] [18] [19] We previously reported that the appearance of FSP1 in podocytes of diabetic patients is associated with more severe clinical and pathologic findings of diabetic nephropathy, perhaps because of induction of podocyte detachment through an epithelial-mesenchymal transitionlike phenomenon. 11 Urinary FSP1 may therefore be a novel risk factor for glomerular damage due to podocyte detachment, even in patients without crescent formation.
In summary, we established a novel ELISA system for measuring urinary FSP1, which appears to be a potentially useful biomarker for evaluating active glomerular damage, including crescent formation and the presence of FSP1 + podocytes. Using this new biomarker clinically, we may be able to better identify patients who require hospitalization and urgent immunosuppressive therapy.
CONCISE METHODS

Production of Antihuman FSP1 Monoclonal Antibodies
An FSP1 expression vector was generated by cloning the full-length human FSP1 gene into pET-49b(+) vector (Novagen, Darmstadt, Germany) carrying the GST-Tag and His-Tag sequences. BL21DE3-competent cells were then transformed using the FSP1 expression vector, after which protein expression was induced using isopropyl-b-D-thiogalactopyranoside (Takara Bio Inc., Shiga, Japan). The expressed fusion protein was purified by column chromatography using HisTrap HP columns (GE Healthcare, Tokyo, Japan), after which the GST-Tag and His-Tag were cleaved using human rhinovirus 3C protease (Novagen) to obtain the pure recombinant human FSP1 (rFSP1). The rFSP1 (50 mg/250 ml) was then emulsified in an equal volume of CFA (Difco Laboratories, Detroit, MI) and used as an immunogen.
To raise monoclonal antibodies, BALB/c mice (female, 7 weeks old) (Japan Clea, Tokyo, Japan) were intraperitoneally injected with the immunogen, and similar immunizations were carried out 2, 4, and 6 weeks later. One week after the fourth immunization, a booster injection of the immunogen without adjuvant was administered into the tail vein. Three days after the booster injection, the spleens were removed from the mice and dissociated by passage through 100-mesh steel gauze; the dissociated splenocytes ( 2310 8 ) were then fused with an equal number of myeloma cells in the presence of 50% polyethylene glycol 1500 (Roche Applied Science, Mannheim, Germany). The fused cells were then suspended in selective growth medium supplemented with 5% Briblone (Archport, Dublin, Ireland), distributed into the wells of 96-well culture plates (2310 5 hybrid cells/well), and cultured with periodic changes of the medium. The supernatants from wells containing hybridoma colonies were screened for the presence of specific antibodies using a direct ELISA, and the hybridoma cells from positive wells were cloned twice by limiting dilution. Each clone was then expanded in culture, after which the antibody-rich supernatants were concentrated by ammonium sulfate precipitation, dialyzed against PBS, and stored at 280°C. Supernatants from 484 wells containing hybridoma cells were tested for antibodies. Using a direct ELISA and native PAGE, five were found to have preferential binding to rFSP1. From those we selected two clones that bound to rFSP1 with high titers (F1-2 and I11-23). Isotype analysis (Sterotec, Oxford, United Kingdom) revealed that F1-2 was of the IgG2a (k) subclass, and I11-23 was of the IgG1 (k) subclass. Through epitope mapping using PepSpots (JPT Peptide Technologies, Berlin, Germany), we confirmed that these two monoclonal antibodies bind to different epitopes: F1-2 recognizes the N-terminal end of rFSP1, and I11-23 recognizes the EF hand calcium-binding domain. F1-2 was then biotinylated using NHS-LC-Biotin (Pierce Chemical, Rockford, IL), after which the efficacy of the surface biotinylation was confirmed using a 2-(4-hydroxyazobenzene) benzoic acid assay (Pierce Chemical).
Development of a Sandwich ELISA
To construct a sandwich ELISA, we coated the bottom of each well of a polyvinyl chloride microtiter plate (Thermo Labsystems, Franklin, MA) with I11-23 (1 mg/50 ml PBS) and then incubated the plate overnight at 37°C. To construct a standard curve, urine samples and rFSP1 (from 1 to 64 ng/ml) were added to each well and incubated overnight at 4°C. After the incubation, the plates were washed five times with washing buffer (PBS containing 0.05% Tween-20). The biotinylated antibody (F1-2, 1 mg/100 ml) was then added to each well and incubated for 60 minutes at 37°C. The plates were again washed five times, after which horseradish peroxidaseconjugated streptavidin (Invitrogen, Tokyo, Japan) was added to each well and incubated for 60 minutes at 37°C. After washing, o-phenylenediamine dihydrochloride (0.2 mg/ml) (Sigma-Aldrich, St. Louis, MO) with 0.02% H 2 O 2 was added and incubated for 30 minutes at 37°C. The colorimetric reaction was stopped by addition of 2 M H 2 SO 4 (50 ml/well), and the adsorption at 492 nm was measured with a microplate reader. Urinary concentrations were adjusted for the creatinine concentration and expressed as micrograms per gram of creatinine. The intraassay and interassay coefficients of variation were 3.5% and 8.4%, respectively. The detection limit of the test is 1 ng/ml.
Patients and Sample Preparation
One hundred forty-seven patients (68 men and 79 women) with biopsy-proven glomerular disease were enrolled in this study after providing fully informed consent. This study was approved by our institutional review board. Patients with Henoch-Schönlein purpura nephritis, diabetes mellitus, neoplasia, viral hepatitis, amyloidosis, or other infections were excluded. The participants ranged from 16 to 89 years of age (mean age 6 SD, 47.8620.3 years). Before starting therapy, all patients were referred to the Department of Internal Medicine of Nara Medical University Hospital, and kidney biopsies were performed. Included were 19 patients with ANCA-associated GN, 10 with FSGS, 56 with IgA nephropathy, 13 with lupus nephritis, 29 with minimal-change nephrotic syndrome, and 20 with membranous nephropathy. Freshly voided urine samples were collected from each patient in the morning on the day renal biopsy was performed. Urine samples showing a urinary tract infection were excluded because of the possibility of nonspecific positivity. Macroscopic hematuria was also excluded because of the possibility of contamination by serum. Twenty-three agematched healthy volunteers also provided urine samples. All samples were centrifuged for 10 minutes at 1500 g to remove any debris and were stored at 280°C before use.
Immunohistochemistry
Renal biopsy specimens were fixed in 10% buffered formalin for 12 hours, dehydrated, embedded in paraffin, and sectioned according to standard procedures. The sections were then deparaffinized and incubated with proteinase K (0.4 mg/ml) for 5 minutes at room temperature for FSP1 staining or were incubated with 0.1% trypsin for 90 minutes at 37°C for collagen type 1 staining. The endogenous peroxidase activity was then blocked with 0.03% hydrogen peroxide, and nonspecific protein binding was blocked with 5% normal goat serum in PBS containing 2% BSA. The blocked sections were incubated for 60 minutes at room temperature with a primary rabbit polyclonal antihuman FSP1 antibody (1:5000 dilution) or with a primary rabbit polyclonal antihuman collagen type 1 antibody (1:500 dilution; Abcam, Cambridge, MA), after which the antibody was detected using a DAKO Envision+System peroxidase (diaminobenzidine) kit (DakoCytomation Inc., Carpinteria, CA). The sections were then counterstained with hematoxylin. The specificity of FSP1 staining was confirmed using control rabbit serum and by absorption of the anti-FSP1 antibody using an excess of rFSP1 protein. The area positively stained for collagen type 1 was calculated using AnalySIS image analysis software (Soft Imaging System, Munster, Germany). Frozen sections of renal biopsy specimens were also stained for dual immunofluorescence microscopy. After the sections were fixed on glass slides in 4% paraformaldehyde for 15 minutes at 4°C, they were incubated for 60 minutes, first with goat polyclonal antihuman synaptopodin (P-19) antibody (1:500 dilution; Santa Cruz Biotechnology Inc., Santa Cruz, CA), and then with rabbit polyclonal antihuman FSP1 antibody (1:2000 dilution). 13 The sections were then washed three times with PBS and incubated for 30 minutes with DyLight 488-conjugated donkey antirabbit secondary antibody (1:800 dilution; Jackson ImmunoResearch Laboratories Inc., West Grove, PA) and a Cy3-conjugated donkey antigoat secondary antibody (1:1000 dilution; Jackson Immuno Research Laboratories Inc.). Finally, the sections were counterstained with 496-diamidine-29-phenylindole dihydrochloride (Molecular Probes Inc., Eugene, OR) and viewed under a confocal microscope (Fluoview FV1000; Olympus, Tokyo, Japan).
Statistical Analyses
Data were recorded as the median (25th percentile, 75th percentile), and P,0.05 was considered to represent a statistically significant difference. The Mann-Whitney U test was used for comparisons between two groups. The Kruskal-Wallis test with post hoc analysis using the Mann-Whitney test and adjustment of the P value using the Bonferroni method (P,0.002) was used to assess differences in clinical measures among more than three groups. Pearson correlation coefficients were used to assess relationships between urinary FSP1 and FPS1 + cell number and glomerular profile. All analyses were performed using JMP 5.1 software (SAS Institute, Cary, NC). Sensitivity, specificity, and predictive values were calculated using receiver-operator characteristic curves and 232 tables.
